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Abstract 
FtsI is essential for peptidoglycan synthesis of the new cell poles during the 

process of division in E. coli. Inhibition of its transpeptidase activity with cephalexin 
causes the inhibition of the formation of new FtsZ rings at future division sites 
(Pogliano et al., 1997). We show that aztreonam causes the same effect and show 
that the inability to form new rings is due to the accumulation of FtsZ at midcell, 
thereby reducing its free cytosolic concentration. In addition we show that the 
mature divisome cannot reorganize when the transpeptidase activity of FtsI is 
inhibited, but it can reorganize when FtsI is not able to localize at midcell. This 
suggests that the peptidoglycan synthesis is a requirement for divisome 
reorganization during the constriction process. 
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Introduction 
Cell division in the rod shaped bacterium Escherichia coli occurs in two 

distinct stages. Division is initiated by the polymerization of FtsZ in a ring-like 
structure at midcell. The ring recruits a number of early localizing cell division 
proteins (i.e. FtsA, ZipA, ZapA (Aarsman et al., 2005) and presumably FtsE/X 
(Corbin et al., 2007)) and preseptal peptidoglycan synthesis commences (Aaron et 
al., 2007; den Blaauwen et al., 1999; Varma et al., 2007). This cell wall material is 
completely new in contrast to the cell wall synthesis during cell elongation where 
peptidoglycan building-units are inserted in the existing peptidoglycan layer (de 
Pedro et al., 1997). After about another 20% of the cell cycle the late localizing 
proteins (i.e. FtsK, FtsQ, FtsL/B, FtsW, FtsI (PBP3), PBP1B, FtsN and AmiC 
(Bertsche et al., 2006; den Blaauwen et al., 2008)) assemble onto the Z-ring 
(Aarsman et al., 2005). The constriction of the envelope becomes visible by phase 
contrast microscopy after full assembly of the divisome. Some of these proteins 
have been implied to be involved in cell pole synthesis and this has been shown in 
the case of FtsI (Botta and Park, 1981; Wientjes and Nanninga, 1989; 1991).  

FtsI is a transpeptidase that catalyzes the formation of peptide cross-links 
between peptidoglycan sugar strands at the division site (Begg et al., 1990; Botta 
and Park, 1981). It does not seem to initiate the preseptal peptidoglycan synthesis 
(Aarsman et al., 2005), but functions rather in the synthesis of peptidoglycan at the 
leading edge of the constricting envelope (Wientjes and Nanninga, 1989). The 
membrane-anchoring domain of FtsI is required for functionality/localization during 
cell division and contains both a cytoplasmic as well as a membrane-spanning 
domain (Nguyen-Distèche et al., 1998). The periplasmic non-penicillin-binding 
domain might function as a pedestal or intramolecular chaperone (García del Portillo 
and de Pedro, 1990) whereas the penicillin-binding domain contains the 
transpeptidase activity and binds antibiotics such as penicillin and aztreonam 
(Georgopapadakou et al., 1982; Nicholas et al., 1985). The non-penicillin binding 
domain has also been suggested to be involved in interactions with other cell 
division proteins (García del Portillo and de Pedro, 1990).   

FtsI can be inhibited by several -lactam antibiotics such as penicillin, 

cephalexin and aztreonam (Georgopapadakou et al., 1982; Pogliano et al., 1997). A 
study on cephalexin inhibition of FtsI has shown that this results in the formation of 
a persistent Z-ring, which cannot restrict (Pogliano et al., 1997). Furthermore, new 
Z-ring formation is inhibited in cephalexin-induced filaments (Pogliano et al., 
1997).  
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Aztreonam, a monocyclic -lactam antibiotic, can be used as an FtsI-specific 

antibiotic because it binds most strongly to FtsI of all Penicillin Binding Proteins 
(PBPs) in competitive binding assays (Sykes and Bonner, 1985) and is very slowly 
deacylated with a rate constant of 5 x 10-5 s-1 (Adam et al., 1991). In addition 
aztreonam binds with similar affinity to the non-essential AmpC protein (Henderson 
et al., 1997) and forms a stable complex with a deacylation rate of less than 10-4 s-1 
(Henderson et al., 1997). In this study, aztreonam is used to specifically inhibit FtsI. 
Aztreonam caused filamentation of the cells and persistence of the FtsZ ring as was 
observed for cephalexin inhibition (Pogliano et al., 1997). Furthermore, aztreonam 
caused an accumulation at the division site of the early division proteins but not of 
the late division proteins. These results indicate that the inhibition of new Z-ring 
formation at future division sites in aztreonam-induced filaments is most likely due 
to the accumulation of early division proteins at midcell and the concomitant 
reduction of their free concentration in the rest of the cell. Most importantly, FtsI 
seems to dictate the dynamics of the divisome as the inhibition of its transpeptidase 
activity appears to prevent reorganization of this large protein complex. In contrast, 
the absence of FtsI has little effect on the ability of the divisome to dissolve and 
does not prevent the early division proteins from initiation of the assembly of new 
divisomes at potential division sites. 

 

Materials and methods 
Bacterial strains and growth conditions 

E. coli K-12 MC4100 [F- araD139 Δ(argF-lac)U169 deoC1 flbB5301 lysA 
ptsF25 rbsR relA1 rpsL150] and its isogenic derivative MC4100 pbpB2158(Ts), a 
temperature-sensitive mutant carrying a Y380D mutation (Wissel et al., 2005)  
(referred to further on as LMC500 and LMC510, respectively), were grown to 
steady state in glucose minimal medium (GB1) as previously described (den 
Blaauwen et al., 1999). Cell division was inhibited by adding 1 µg/ml aztreonam 
(from a 1000 x concentrated stock freshly dissolved in saturated sodium carbonate) 
to a steady state culture and growth was continued for two mass doublings. 
Absorbance was measured at 450 nm with a Gilford spectrophotometer, and cell 
numbers were counted with an electronic particle counter (orifice diameter, 30 µm). 
GFP-FtsQ and GFP-FtsW were expressed from plasmids pTHV039 (Aarsman et al., 
2005) and pDLM2414 (Pastoret et al., 2004), respectively. LMC500 cells 
transformed with these plasmids were grown as described above, with the addition 
of 100 µg/ml ampicillin to induce selective growth. 
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In situ immunofluorescence labelling 

Cell division proteins were visualized with antibodies as described before 
(den Blaauwen et al., 1999). In brief, the method used was as follows: cells were 
fixed with a mixture of 3% formaldehyde and 0.04% glutaraldehyde, followed by 
permeabilization using 0.1% Triton X-100 and 100 µg/ml lysozyme. Non-specific 
binding sites were blocked with blocking reagent (Boehringer, Mannheim, 
Germany). Polyclonal primary antibodies against FtsZ (Aarsman et al., 2005), ZapA 
(chapter 2), FtsI or FtsN (Aarsman et al., 2005) were diluted in blocking reagent. 
Donkey anti rabbit antibodies conjugated to CY3 diluted in blocking reagent were 
used as secondary antibodies (Jackson ImmunoResearch Laboratories, Inc., West 
Grove, PA).  

 

Microscopy and image analysis 

Cells were immobilized on agarose slides as described by Koppelman et al., 
(2002) and photographed with a Coolsnap 10 fx cooled charge-coupled device 
camera (Photometrics) mounted on an Olympus BX-60 fluorescence microscope 
through a 100x/N.A. 1.35 oil objective. Images were taken and analyzed using the 
public domain program ‘Object-Image’ by Norbert Vischer (version 2.18, 
Department of Molecular Cytology, University of Amsterdam 
[http://simon.bio.uva.nl/object-image.html]), which is based on NIH image by 
Wayne Rasband. Phase-contrast images were always taken first, followed by the 
appropriate fluorescence image(s), which were always taken with fixed exposure 
times and contrast settings for each series of samples. Corresponding photographs 
were stacked and the length and diameter of each cell was measured in the phase-
contrast image. The presence of rings was determined and the fluorescence intensity 
as function of normalized cell length to create fluorescence profiles was quantified 
using the fluorescence images and the program ‘Object Image’.  

 

Protein quantification 

Cells were grown to steady state in GB1 as described above. At the time of 
harvest, samples were taken to measure cell numbers with an electronic particle 
counter (orifice diameter 30 µm). For the quantification of total protein per cell, 
known amounts of cells were boiled for 5 minutes to release the protein and the 
resulting lysate was subjected to a BCA protein quantification kit following the 
manufacturer’s protocol (BCA protein assay, Pierce, Rockford, Il, USA). The 
amount of FtsZ per cell was established by applying cell lysates with known cell 
numbers and a purified FtsZ protein concentration range of 1 to 50 ng in triplicate 
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on an SDS-PAGE. After immunoblotting, the protein bands were visualized using 
antibodies against FtsZ and their intensities were determined by chemiluminescence 
density analysis.  

 

Results 
FtsI localizes exclusively at midcell upon inhibition by aztreonam 

Aztreonam has been shown to bind to and inhibit specifically the 
transpeptidase activity of FtsI (Georgopapadakou et al., 1982). To further 
investigate what caused the persistence of the FtsZ ring upon functional inhibition of 
FtsI as described by Pogliano et al. (1997), we first investigated whether aztreonam-
bound FtsI would still localize to the Z-ring. To this end, LMC500 cells were grown 
to steady state in minimal medium at 28 °C. Aztreonam was added to a 
concentration of 1 µg/ml and growth was continued for two mass doublings (MDs). 
Samples were taken prior to addition of aztreonam (0 MD) and after 1 MD and 2 
MD of further growth in the presence of aztreonam. Cells were fixed and labelled 
with polyclonal antibodies against FtsI (Aarsman et al., 2005), followed by staining 
with CY3-conjugated secondary antibodies. FtsI localizes at midcell in untreated 
cells (Figure 6-1 and Table 6-1). In cells grown in the presence of aztreonam, FtsI 
remained localized at midcell, even after growth for 2 MDs. At this point, FtsI 
occasionally localized to future division sites (Figure 6-1 panel 2) and the signal 
appears more diffuse. Aztreonam shows no loss of activity during the incubation 
period (Belliveau et al., 1994), therefore the minor relocalization of FtsI seems to be 
an intrinsic property of the inhibited protein and not to be due to hydrolysis of 
aztreonam.  

 

FtsI and FtsZ are unable to dissolve old rings in the presence of aztreonam 

It was assumed that FtsZ would localize as a ring at all potential division sites 
in the filaments that resulted from aztreonam treatment because FtsZ is not 
dependent on FtsI for its localization. Cells from the aztreonam growth experiment 
described above were labelled with FtsZ and FtsZ ring positions were analyzed and 
their number counted (Table 6-1). FtsZ localized at the midcell in the 0, 1 and 2 
MDs aztreonam grown samples, but again, no new rings appeared to be formed at 
future division sites after growth in the presence of aztreonam for 1 MD. After 2 
MDs of aztreonam growth, some cells displayed new rings at future division sites 
(Figure 6-2). Furthermore, the midcell FtsZ ring appeared to become brighter during 
aztreonam treatment.  
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Table 6-1. The percentage and position of FtsZ and FtsI-rings determined in wild type cells 
grown in GB1 at 28 °C for 0, 1 and 2 MDs in the presence of aztreonam. 

  Relative position 
 (± 0.06125) in % 

Protein MD Az
a ¼ ½ ¾ 

FtsZ 0  53  

FtsI 0  35
b  

FtsZ 1 0.3 94 0.3 

FtsI 1 0.7 78 0.8 

FtsZ 2 24.7 88 26.5 

FtsI 2 4.2 84 4.4 

a
 MD Az is number of mass doublings grown in the presence of aztreonam. At least 500 cells 

were analyzed per sample. 
b
 The percentage of FtsI signals at midcell is lower than the percentage of FtsZ rings in these 

cells because FtsI is a late localizing division protein (Aarsman et al., 2005). 

 
 

 
Figure 6-1. FtsI localizes exclusively at midcell upon inhibition by aztreonam. LMC500 cells 
were grown to steady state in GB1 at 28 °C and grown with aztreonam for 2 MDs. Cells were 
harvested after 0, 1 and 2 MDs of growth in the presence of aztreonam and immunolabelled 
with antibodies directed against FtsI. 0 Untreated cells with wild type size and FtsI midcell 
localization. 1 Filamenting cells grown for 1 MD in the presence of aztreonam still have FtsI 
signal at midcell. 2 After 2 MD of aztreonam growth, the cells have approximately four times the 
length of untreated cells. FtsI remains localized at midcell and occasionally new rings can be 
observed at future division sites at ¼ and ¾ of the cell length. The scale bar equals 1 µm. 
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Figure 6-2. FtsZ appears to be unable to form new rings upon inhibition of FtsI by aztreonam. 
LMC500 cells were grown to steady state in GB1 at 28 °C and grown with aztreonam for 2 MDs. 
Cells harvested after 0, 1 and 2 MD of growth in the presence of aztreonam were 
immunolabelled with antibodies directed against FtsZ and phase contrast (not shown) and 
fluorescence images were taken. 0 Untreated cells with wild type size and FtsZ localization at 
midcell. 1 Filamenting cells grown for 1 MD in the presence of aztreonam still contain an FtsZ 
ring at midcell but cannot initiate new localizations. 2 Cells grown for 2 MDs in aztreonam 
containing medium are approximately four times the length of untreated cells. FtsZ remains 
present at the midcell and occasionally new rings can be seen at future division sites at ¼ and 
¾ of the cell length. The scale bar equals 1 µm. 

 
From Table 6-1 it is clear that incubation with aztreonam somehow inhibits 

the localization of FtsZ and FtsI at future division sites. Only after growth for two 
MDs in the presence of aztreonam were new rings observed. These results confirm 
the observations of cephalexin inhibition of FtsI (Pogliano et al., 1997).  

 

Inhibition of new FtsZ ring formation is due to functional inhibition of FtsI 

To confirm that the lack of Z-ring localization at ¼ and ¾ cell length is a 
consequence of functional inhibition of FtsI, the localization of FtsZ was studied in 
an FtsI(ts) strain (LMC510). In this strain FtsI is unable to localize (Bertsche et al., 
2006). Cells were grown to steady state and subsequently shifted to the restrictive 
temperature of 42 °C and harvested at 0, 1 and 2 MDs of further growth at this 
temperature. Analysis of the FtsZ immunolabelling of these cells showed that in 
LMC510 FtsZ is able to form rings at future division sites despite the absence of 
FtsI at these sites (Table 6-2). The number of Z-rings formed at future division sites 
at ¼ and ¾ of the cell length in aztreonam filaments was much lower than in FtsI(ts) 
filaments. This suggests that the inhibition of the function of FtsI by aztreonam 
prevents the formation of new Z-rings rather than the absence of FtsI such as in the 
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FtsI(Ts) strain. It can be concluded from these results that the lack of Z-ring 
formation in wild type cells treated with aztreonam is a consequence of the 
functional inhibition of FtsI. 

 
Table 6-2. FtsZ is able to form new rings in FtsI(Ts) cells grown at the restrictive temperature. 
The percentage and position of FtsZ rings in LMC510 cells grown for 0, 1 and 2 MDs in GB1 at 
42 °C are shown.  

  Relative position in % 

Strain MD 42 °C
a ¼ ½ ¾ 

LMC510 0  71.0
b  

LMC510 1 21.0 45.0 20.3 
LMC510 2 45.5 29.5 47.0 

a 
MD 42 °C is number of mass doublings grown at the restrictive temperature. At least 500 cells 

were analyzed per sample. 
b
 The percentage of LMC510 cells with a central Z-ring is higher than in LMC500 wild type cells 

because the division in the former takes more time due to already somewhat unstable FtsI(Ts) 
protein at the permissive temperature. 

 

FtsQ and FtsW show localization patterns similar to FtsZ and FtsI after 
aztreonam treatment  

To test whether other divisomal proteins were affected in localization after 
aztreonam treatment, LMC500 cells producing GFP-FtsQ (pTHV039) or GFP-FtsW 
(pDLM2114) were grown in GB1 medium at 28 °C and grown for two MDs in the 
presence of aztreonam as described previously. Phase contrast and fluorescence 
images were taken and the number and positions of rings analyzed. For GFP-FtsQ as 
well as for GFP-FtsW a localization pattern similar to that found for FtsZ and FtsI 
was observed (Table 6-3). A ring was stably formed at the midcell position, but new 
rings did not form until after two mass doublings with aztreonam treatment. At this 
point GFP-FtsQ started to dissolve from midcell and began to localize at new 
division sites. These results were to be expected as all other divisomal proteins 
depend on the presence of a Z-ring for their localization. Therefore, it seems likely 
that all divisomal proteins follow the same pattern of localization under these growth 
conditions. 

 

Inhibition of FtsI results in accumulation of FtsZ at mid cell and a decrease of 
free FtsZ in the cytosol 

Several divisomal proteins were found to be inhibited in localization in 
aztreonam induced filaments. In the case of FtsZ, it seemed that the midcell ring 
increased in intensity on aztreonam treatment (Figure 6-2). This observation
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Table 6-3. GFP-FtsQ and GFP-FtsW display localization patterns similar to that of FtsZ and 
FtsI in aztreonam induced filaments. The percentage and position of GFP-FtsQ and GFP-FtsW 
rings in aztreonam treated wild type cells are shown. 

  Relative position (± 0.06125) in % 

Protein MD Az
a 1/8 ¼ ½ ¾ 7/8 

GFP-FtsQ 0   35   
GFP-FtsW 0   43   
GFP-FtsQ 1  0.0 99 0.0  
GFP-FtsW 1   80   
GFP-FtsQ 2 9.0 45.0 57 43.0 11.0 
GFP-FtsW 2 1 2 97 2 1 
a
 MD Az is number of mass doublings treated with aztreonam. At least 500 cells were analyzed 

per sample. 

 
raised the question whether new ring formation was inhibited due to low 
concentrations of free protein in the cytosol. In order to establish whether this is the 
case, fluorescence intensity profiles were measured from the images obtained in the 
above experiments using the program Object Image. Since the images had been 
taken using fixed contrast and illumination settings and such that all images were 
obtained in the linear detection range of the CCD camera, samples with different 
aztreonam treatment times could be compared. Similar experiments were performed 
with wild type cells grown in the presence of aztreonam and labelled with ZapA or 
FtsN antibodies. The fluorescence of the cells was measured as function of the cell 

length using a scanning rectangle of 1.5 µm long and  0.13 m wide, perpendicular 

to the length axis of the cell. The average fluorescence of approximately 500 cells 
was then plotted as function of the normalized cell length. To determine whether 
fluorescence was accumulating at midcell during aztreonam treatment, the 
fluorescence intensity was normalized at the midcell peak. In Figure 6-3, the black 
lines represent fluorescence profiles of cells not treated with aztreonam and the blue 
and green lines those of cells treated with aztreonam for 1 and 2 MDs, respectively. 
The peak in the fluorescence profiles represents the presence of the protein at the 
midcell. From Figure 6-3 it is clear that a shift occurs from FtsZ and ZapA 
molecules present in the cytosol to the midcell position after 1 MD treatment with 
aztreonam. After two MD aztreonam treatment this change in distribution of ZapA 
and FtsZ is only slightly increased. In contrast, the fluorescence intensity profiles of 
FtsI and FtsN do not change during the aztreonam treatment, which indicates that 
these proteins, although they are not able to dissolve from the divisome, do not 
accumulate at midcell. After treatment with aztreonam for 2 MDs (green line) new 
rings, visible as small ‘shoulders’ in the profiles, begin to form at ¼ and ¾ cell 
length, which is consistent with the data presented in Table 6-1 and Table 6-3. These 
results indicate that FtsZ and ZapA accumulate at the midcell position upon 
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aztreonam treatment. It seems likely that, due to the protein being titrated from the 
cytosol, formation of new rings is inhibited as a consequence of low amounts of free 
protein present in the cytosol.  
   

 

 
Figure 6-3. Fluorescence profiles of LMC500 wild type cells grown for 0, 1 and 2 MD in the 
presence of Aztreonam and labelled with antibodies against FtsZ, ZapA, FtsI, and FtsN. FtsZ 
and ZapA, but not FtsI and FtsN accumulate at the midcell in aztreonam-induced filaments. 
Cells were grown to steady state in GB1 at 28 °C and grown in the presence of aztreonam for 2 
MDs. After 0 (black line), 1 (blue line) and 2 (green line) MD, cells were harvested and 
immunolabelled. Using the program Object Image, fluorescence profiles were created and 
plotted against the normalized cell length. After 2 MDs, ‘shoulders’ appear in the profiles at 0.25 
and 0.75 normalized cell length, indicating the formation of new rings. At least 500 cells of each 
sample were analyzed. 

 

The total amount of FtsZ per µm cell length does not increase upon inhibition of 
FtsI by aztreonam 

To verify that the total amount of free cytosolic FtsZ was indeed less due to 
the increased midcell localization of FtsZ (Figure 6-3), the total amount of FtsZ 
molecules per average aztreonam filament was determined. Cells were grown as 
described above and treated with aztreonam for 0, 1 or 2 MDs. Samples were taken 
and the number of cells per ml was established with an electronic particle counter. 
Using the BCA method, the amount of total protein per cell was determined. The 
amount of FtsZ per cell was determined by applying cell lysates as well as a 
concentration range of purified FtsZ to an SDS-PAGE, which was subsequently 
immunoblotted. The protein bands were visualized using antibodies against FtsZ and 
their intensities were determined by chemiluminescence density analysis (data not 
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shown). The number of FtsZ molecules per average cell was calculated by 
comparing the total signal of the FtsZ bands from the cell lysates to that of the 
purified FtsZ of known concentration and by calculating the average volume of the 
cells from the length and diameter measurements, assuming the cell to be a cylinder 
with two hemispheres as cell poles. The number of FtsZ molecules per average cell 

was found to be 5160  1350, 9100  2200, and 23100  6400 for cells grown in 

aztreonam containing medium for 0, 1 and 2 MDs, respectively (based on 3 different 
experiments). It is clear that the total number of FtsZ molecules per cell 
approximately increased two-fold with each MD, which is to be expected as the cell 
mass doubles with each uncompleted division, thus the FtsZ concentrations are more 
or less constant. These results suggest that the absence of new rings at ¼ and ¾ 
positions in the aztreonam filaments could not occur due to insufficient FtsZ in the 
cell. However, because the fluorescence intensity profiles clearly show that FtsZ 
accumulates at midcell during aztreonam treatment, it seems likely that insufficient 
free FtsZ is present in the cytosol to polymerize into new rings at the future division 
sites. Because all other divisomal proteins depend on FtsZ for their localization, 
none of them are able to form new rings until the first new FtsZ rings appear. This 
was further confirmed by overproduction experiments with early localizing division 
proteins. When FtsZ alone was overproduced, the formation of new rings in 
aztreonam treated cells was not improved. However, when FtsQ, FtsA and FtsZ 
were overproduced simultaneously and at the correct ratios, new rings were 
observed in aztreonam filaments (data not shown). 

 

Discussion 
During normal cell division, the divisome assembles at the midcell and the 

late localizing proteins regulate the synthesis of the new cell poles. As the cell 
constricts, the highly dynamic divisome reorganizes itself to adjust to the changing 
circumference of the closing constriction.  

The late localizing protein FtsI is one of the proteins involved in the cross-
linking of peptidoglycan strands during the synthesis of new cell poles. In  an 
FtsI(ts) strain, FtsI carries a mutation which prevents it from folding properly 
(Wissel et al., 2005). At the non-permissive temperature of 42 °C, the majority of 
the misfolded FtsI is digested, leaving little to no FtsI to localize at the division site 
(T. den Blaauwen, personal communication). As a consequence, division is blocked, 
the divisome disassembles and the cell grows as a filament with FtsZ rings at ¼ and 
¾ positions during the second mass doubling at the restrictive temperature without 
being able to divide.  
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Interestingly, functional inhibition of FtsI by aztreonam results in a different 
phenomenon. In aztreonam treated cells, the divisome is able to assemble but, 
because the transpeptidase activity of FtsI is inhibited, the division process is 
blocked and the divisome does not reorganize. Instead, the early localizing division 
proteins FtsZ and ZapA continue to accumulate at the midcell. As a consequence, 
new rings are not formed during 2 MDs of aztreonam treatment. The late localizing 
proteins FtsI, FtsW and FtsN localize to the midcell position and are not able to 
dissociate but they do not further accumulate as FtsZ and ZapA do. 

Previously it was found that cephalexin inhibition of FtsI resulted in 
persistent midcell rings and inhibition of new ring formation at potential division 
sites (Pogliano et al., 1997). Several models were presented to explain these results 
and, based on the results obtained in our study, it is now clear that new ring 
formation is inhibited due to low concentrations of free FtsZ and FtsA in the cytosol 
as a consequence of their ongoing accumulation at midcell. After two mass 
doublings in the presence of aztreonam, the FtsZ concentration, and therefore the 
free FtsZ concentration, has sufficiently increased, allowing for the formation of 
new rings at potential division sites.  

But why do FtsZ and the early localizing proteins accumulate at midcell 
whereas the late localizing proteins do not? FtsZ might accumulate at the midcell as 
a consequence of molecular crowding. As the Min system continues to inhibit Z-ring 
formation at the cell poles and the nucleoid occlusion system initially allows Z-ring 
formation only at midcell, FtsZ polymers are formed at the division site and are 
stabilized due to lateral association with FtsZ protofilaments that are already present 
at midcell. The early localizing proteins mimic the localization pattern of FtsZ and 
thus accumulate at the midcell as well. All this results in low concentrations of free 
early localizing proteins and thus no new rings are formed until these concentrations 
have increased after approximately 2 MDs. Another explanation is the following: 
after 1 MD of aztreonam treatment, the cell contains two nucleoids that are in the 
process of segregating. At ¼ and ¾ cell length, the nucleoid occlusion system still 
has some effect on FtsZ protofilaments that assemble there, whereas at the midcell, 
this effect is completely gone and thus newly synthesized FtsZ, followed by early 
localizing proteins, localizes at the more favourable site, the midcell. After 2 MDs 
the cell contains four fully segregated nucleoids with clear gaps between them at ¼ , 
½ and ¾ cell length. At these positions the effect of the nucleoid occlusion system is 
now negligible and despite the relative low concentration of FtsZ, it is able to 
assemble at the ¼ and ¾ gaps. 

The reason why the late localizing proteins do not accumulate at midcell and 
why they do not disassemble upon inhibition of FtsI by aztreonam can only be 
speculated upon. What could be the case is that some of the late localizing proteins 
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provide FtsI with substrate. Upon inhibition of FtsI, these proteins can no longer 
pass on their substrates and the polar peptidoglycan synthesis stalls, with the 
substrates still bound to the proteins. As a consequence, the Z-ring does not 
reorganize itself (Anderson et al., 2004; Stricker et al., 2002) because there is no 
peptidoglycan that pushes or pulls inwards and thus all the divisomal proteins 
remain at the midcell.  

These observations give a first hint of how the dynamics of the division 
machinery could be organized. FRAP studies of early and late localizing proteins of 
the divisome in the absence and presence of aztreonam might provide conclusive 
information about the mode of action of FtsI in divisome dynamics. 




